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Executive Summary

Silicon carbide is a high temperature clectronic material. Its potential for development of
chemical sensors in a high temperature environment has not been explored. The objective
of this study is to use silicon carbide as the substrate material for the construction of
chemical sensors for high temperature applications. Sensors for the detection of hydrogen
and hydrocarbon are developed in this program under the auspices of Lewis Research
Center, NASA, Metal-semiconductor or metal-insulator-semiconductor structures are
used in this development. Specifically, using palladium-silicon carbide Schottky diodes as
ges sensors in the temperature range of 100 to 400°C are designed, fabricated and
assessed. The effect of heat treatment on the Pd-SiC Schottky diode is examined.
Operation of the sensors at 400°C demonstrate sensitivity of the sensor to hydrogen and
hydrocarbons. Substantial progress has been made in this study and we believe that the
Pd-SiC Schottky diode has potential as a hydrogen and hydrocarbon sensor over a wide
range of temperatures. However, the long term stability and operational life of the sensor
need to be assessed This aspect is an important part of our future continuing

investigation.

Introduction

Detection of hydrogen and hydrocarbon over a wide range of concentration at relatively
high temperature is important for many aerospace and commercial applications. This is
due to their use as a fuel and their presence as a product of the fuel. The monitoring of
flammable or explosive levels of the concentration of these gases is important. Detection

of these gases at low concentrations is recognized as a vital issue in controlling and
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monitoring emissions from, for instance, an aircraft engine, However, this is an
environment of relatively high temperature and any sensing device must be able to survive
and function in that environment. Silicon carbide, SiC, is an electronic material suitable
for high temperature applications; however, its potential as a high temperature gas sensor
material has not been explored. There are significant advantages of gas sensing using SiC
as the semiconductor rather than silicon, Si. These advantages are the improved material
properties of SiC over Si at high temperatures, superior mechanical strength, and
enhanced thermal conductivity. This improved thermal conductivity is an advantage for
fast heating of the sensor. The detection of hydrocarbons which require decomposition at
high temperature can also be facilitated by heating the sensor at a high temperature

without excess amount of thermal energy.

Under the auspices of Lewis Research Center, NASA, we have explored the capability of
SiC for gas sensing, particularly for hydrogen and hydrocarbon initially. A Schottky diode
composed of palladium, Pd, and palladium-silver, Pd-Ag, gate layer deposited on SiC has
been shown sensitivity to hydrogen at 5000 ppm in an inert gas environment at near room
temperature [1-2]. Silicon carbide based capacitors using platinum as the gas sensitive
film has shown a sensitivity to hydrogen gas as low as 2.5 ppm and have been operated at
temperatures as high as 800°C [3]. Also, sensitivity to hydrocarbons such as methane,
ethane and propane at 457°C has been demonstrated [4]). Fabrication of SiC-based sensor
with an integrated heater and temperature detector has been attempted with some degree

of success [1].

A possible mechanism for hydrogen and hydrocarbon detection in SiC-based devices using
Pd is similar to that proposed for Pd/Si based sensors: the dissociation of hydrogen or
hydrocarbons on the palladium metal surface results in the formation of a dipole layer
composed of hydrogen at the metal-semiconductor or metal-insulator interface. This
dipole layer can affect the electronic properties of the device in proportion to the quantity

of hydrogen and other gaseous species in the surrounding environment.
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In our research, SiC-based sensors for the detection of hydrogen and hydrocarbons
operating at least 400°C are being developed. Our effort focuses on the fabriction of a
sensor prototype which can withstand high temperature operation and be sensitive to
hydrogen related gases in a variety of ambients. The sensing element will be Pd or Pd-
alooy as the sensing gate material. It is recognized that a complete sensor package needs
to be developed for evaluation of the sensor's performance, and this effort will be mainly

carried out by the researchers at Lewis Rescarch Center, NASA.

We have an excellent working relationship with the researchers at NASA and substantial
progress has been made on this research and development endeavor. We anticipate

continued success and meaningful contributions will be made in the forthcoming year.

Research and Development Efforts

The palladium metal-semiconductor Schottky diodes using SiC as the semiconductor were
prepared in this study. A 4H silicon-faced SiC substrate was used, and a 4-5 pum thick
4H-SiC epilayer was grown by chemical vapor deposition. This prepared SiC substrate
was provided by the researchers at Lewis Research Center, NASA. Approximately 400
angstroms of palladium metal were deposited onto the as-grown SiC epilayer surface
using the ion beam coating technique. A circular Pd Schottky pattern with a diameter of
200um was used and the definition of the pattern was accomplished using the lift-off
technique. A layer of palladium film was also deposited onto the backside of the substrate
as a backside contact. However, due to the growth method of the substrate, the backside
was often relatively rough. Thus, a2 means to smooth the surface of the backside of the
substrate was necessary prior to any deposition of the palladium film for a good contact.
This was accomplished by either mechanical polishing with fine alumina powder or an
additional deposition of a thin layer of glass, silicon oxide, etc. to ensure the smoothness
of the surface area of the backside of the substrate. A platinum thin film resistance type

heater and temperature detector were also formed at the surrounding area of the sensor.
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The use of Pd in an electronic structure with SiC as the semiconductor for gas detection
for aerospace and other potential civilian applications depends on the inherent stability of
Pd and SiC in a wide range of temperatures and ambient gas environments. The simplest
structure for such applications will be a Pd-SiC Schottky diode although an interaction
between Pd directly deposited on SiC can be expected even at room temperature [5). The
effect of this interaction on the gas sensing capability of such a device has not been
explored. Also, it is necessary to determine the performance of such a sensor at high
temperature and different temperature treatments of the gate layer. The long term stability

~ of the sensor prototype in an important aspect which may be affected by the properties of
the interface layer between Pd and SiC. Consequently, it may be necessary to produce a
barrier layer between the Pd and SiC to stabilize the diode. The thickness and type of
barrier layer will have to be examined experimentally. In this study, the temperature range
was at 100 and at 400°C.

The evaluations of the sensor prototype were carried out mostly at Lewis Research
Center, NASA. The test results were then used for modification of the sensor design and
fabrication. Thus, selected test results are reported here to provide information on the

characteristics of the developing sensor prototype.

For evaluation at 100°C, the sensor was first heated from 100°C to 200°C in air for 18
hours, then cooled back to 100°C. The sensor was then characterized at 100°C by
exposure to different ambient gases. Figure 1 shows the capacitance characteristics of the
sensor diode in air, helium and a helium-hydrogen (He-H;) mixture. When exposed to the
He-H; mixture the diode shows good response to hydrogen at a low concentration.
Figure 2 shows the time-dependent capacitance response of the diode sensor to the gases
both before heating treatment and after the final 400°C heat treatment. The two curves
are very similar with the difference of a 0.5 pF in the capacitance at zero bias and heat

treatment. It also shows that the recovery time towards the baseline is more rapid in air
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than in He for both before and after the heat treatment. Thus, the heat treatment shifts the

baseline capacitance of the diode but does not change the overall response of the diode

A summary of the results of the barrier height measurements for all temperatures and C-V
measurements is given in Figure 3. The data points at 100°C represent the initial values.
The data points at 200, 300 and 400°C represent the barrier heights measured at 100°C
after temperature cycling to 200°C, 300°C and 400°C respectively.

Two observations can be made from the results in Figure 3. First, at a given temperature,
the barrier heights measured in the He/H, mix are generally consistent with the exception
of the first point at 300°C, and we believe that this is an experimental error. The results
also suggest that after the heat treatment, the diode in air is in a different state than it is

after exposure to the He/H; mix.

Secondly, after the first exposure to hydrogen, the subsequent barrier height
measurements do not show a discernable pattern with respect to heat treatments. For
example, the barrier heights do not consistently drift upward with temperature cycling.
The experimental results also suggest that within the limits of this study, the long term
diode structure as measured by the barrier height does not change drastically with heat

treatment but rather seems to oscillate around a mean value.

This conclusion can be drawn from this preliminary study is that the heat treatment of a
Pd-SiC diode at high temperature does not significantly change its ability to operate as a
hydrogen sensor at 100°C. The formation of the interfacial layers between the Pd and SiC
(presumably palladium silicides) and annealing within the SiC that have occurred with
heating have shifted the baseline capacitance and slope of the 1/C* versus V curves.
However, the results of this work suggest that significant features of the diodes
performance such as the form of the C-t curves, the difference between the air and He/H,
mix capacitances, and the barrier height in the He/H; mix do not significantly change with

heat treatment. This is important for the use of the diode as a sensor for it allows



Figure 1. Capacitance at zero bias vs time at 100 °C
before heat treating (W) and after the {inal heat
treatment to 400 *C (A). The diode is exposed to air,
He, He + 1000 ppm H, then He and air. Heat treating
does not significantly change the qualitative response
of the dlode.
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Figure 3. Barrier height measured at 100 *C by
1/C' va V measurements vs mazimum heat
treatment temperature. The open symbols are
barrier heights {Irst taken after air heat
treatment: measured la alr (O), measured in He
+ 1000 ppm H, (O), and the difference between
these two barrier helghts (A). The closed
symbols are the barrier heights taken
subsequently: measured in air (@), measured in
He + 1000 ppm H, (W), and the difference
betwesn these two barrier beights (A). The
dorted lines are separate lexst squares fits
through the closad and open symbols.
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Figure 2. Plot of 1/C* measured at 100 °C vs Voltage
before beat treating in air ((J) and He + 1000 ppm H,
(©) and after heat treating in air (M) and He + 1000
ppm H; (@). A change with heat treating Is evident in
both the magnitude of the capacitancs and slope of
ycC.
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Figure 4. The capacitive response at zero bias of a
Pd-SiC Schotticy diode operated at 400 ° C to cycles
of air then 1000 ppm H; in N,. The diode’s response
is significant and repeatable.
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recalibration if needed after heating However, the long-term stability of the sensor

requires further assessment.

The performance characteristics of the diode at 400°C were also evaluated. Figure 4
shows the capacitive response at zero bias of a Pd-DiC Schottky diode operated at 400°C
to cycles of air and 1000 ppm H; and N;. The sensor shows good response to low levels
of hydrogen and the response and recovery times are on the order of the time the chamber
requires to reach steady state. The difference in the corresponding barrier height as
measured by 1/C? versus V in air and in the N,/H; mix are on the order of several hundred
millivolts. This also indicates that the response of this MS system to low concentrations
of hydrogen is sufficient to be used in a MOSFET configuration or be observed by

measuring the current.

The response of the sensor measured using the forward current of the diode at +0.9V is
shown in Figure 5. The insert of Figure 5 shows the same testing data but in a logarithmic
scale. Briefly stated, these preliminary results show that the Pd-SiC Schottky diode has
potential as a highly sensitive hydrogen sensor.

The detection of hydrocarbon using the Pd-SiC Schottky diode at 400°C is shown in
Figure 6 on a separate diode on the same Pd-SiC chip. The sensor was éxposed to 300
ppm hydrogen in nitrogen, 300 ppm propylene in nitrogen and 300 ppm propylene and 1%
O; in nitrogen. The response of the diode to hydrogen at 400°C is similar to that at
100°C. In both cases, the capacitance slightly increases in an inert environment, and

significantly when exposed to H,.

The exposure of the diode to hydrocarbon shows that the diode is sensitive to the
hydrocarbon. Also, the sensor output decreases as the mixture changes from hydrogen to
propylene. This decrease in signal may be due to incomplete dissociation of the
hydrocarbon leading to less hydrogen available to migrate to the interface. It is also

recognized that the baseline capacitance decreased after the exposure to propylene in

@o1o
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Figure 5. Response of the forward current at + 0.9 V of 2 Pd-SiC Schottky dlode operated at 400 C to 3 cycles
of air followed by 1000 ppm of H, in N;. The inset shows the same data In a logarithmic scale. The diode
forward current changes by more than a factor of 1000 upon exposure to 1000 ppm hydrogea.
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Figure 6, Capacitance vs time at 400 *C upoa
exposure to pitrogea plus 300 ppm of hydrogen (®)
or propylene (W), or nitrogen plus 300 ppm
propylene plus 1% O, (A). The diode is first
exposed to air, nitrogen then the hydrogen bearing
23 mixture {ollowed by nitrogen then air.
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nitrogen. The reason for this change and its repeatability will be further investigated in the

near future.

The package of the developing sensor is an ongoing research effort of this program.
Modifications of the sensor heater to allow heating the SiC sensor to a high temperature

are needed.

Summary

Fabrication of Pd-SiC Schottky diode sensors has been successfully carried out in this
study. Evaluation of the sensor prototype at 100°C and 400°C were performed, and the
capability of the sensor to sense hydrogen and hydrocarbon (propylene) at 400°C was
demonstrated. Continued development of SiC-based sensors is planned. Further studies
will determine the long term stability of the sensor at high temperatures. In particular, it
will be determined if a barrier layer is needed for the Pd and the SiC interface. This study

shows that the Pd-SiC sensor has potential for aerospace and commercial application.
References

1. Hunter, G. W.; Neudeck, P. G.; Ly, C. C.; and Wu, Q. H.: Advances in Hydrogen
Sensor Technology for Aerospace Applications presented at the 1994 Conference
on Advanced Earth-To-Orbit Propulsion Technology, Marshall Space Center,
Huntsville, AL, May 1994,

2. Hunter, G. W.; Neudeck, P.G.; Jefferson, G.D.; Madzsar, G.C.; Liu, C. C.; and
Wu, Q.H.: The Development of Hydrogen Sensor Technology at NASA Lewis
Research Center, presented at the Fourth Annual Space System Health
Management Technology Conference, Cincinnati, OH, Nov. 1992,



10/21/97 TUE 09:58 FAX 3123532094 ONR-CHICAGO do13

3. Arbab, A; Spetz, A.; Wahab, Q.; Willander M.; and Lundstrom, I.: Chemical
Sensors for High Temperatures Based on Silicon Carbide, Sensors and Materials,
Vol. 4, No. 4, pp. 173-185, 1993.

4. Arbab, A.; Spetz, A.; and Lundstrom, I.: Gas Sensors for High Temperature
Operation Based on Metal Oxide Silicon Carbide (MOSIC) Devices, Sensors and
Actuators, Vol. B 15-16, pp. 19-23, 1993.

s. Bermudez, V.M.: Auger and Electron Energy-Loss Study of the Pd/SiC Interface

and its Dependence on Oxidation, Applications of Surface Science, Vol. 17,
pp. 12-22, 1983

10



